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The preparation and deﬁnition of stoichiometric large (3–5 mm edge length) single crystals of GdN are
described. The Hall effect and the electrical conductivity were found to be metallic. The optical reﬂectiv-
ity between 30 meV and 13 eV has been measured and the dielectric functions have been obtained. A
plasma edge in the infrared region conﬁrmed the metallic character. A shift of this plasma edge with tem-
perature through the magnetic ordering temperature has been observed as a new effect. The band struc-
ture is discussed. A high sensitive SQUID conﬁrmed that the crystals are antiferromagnets in low
magnetic ﬁelds, but turn ferromagnetic in larger ﬁelds. The theoretical exchange interaction is derived.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The history of rare earth mono-nitrides is a long lasting (more
than 50 years) story of errors, misunderstanding, limited measur-
ing techniques and undeﬁned samples. Fundamental questions
arise due to the conducting behavior, semiconductors, semimetals
or metals and to the magnetic behavior, ferro-, ferri-, antiferro- or
metamagnets.
First magneto-chemical measurements have been performed in
the late 50s on poly-crystals of undeﬁned composition. The prob-
lem rests in the fact that nitrogen is a gas whereas for the other
rare earth pnictides the pnictogen is a solid. The latter enables easy
mixing of the constituents and at high enough temperatures the
chemical reaction starts, but the stoichiometry of the resulting
crystals has rarely been checked. Handbook articles about rare
earth pnictides are in Refs. [1,2].
Stoichiometry (from Greek rsoiveiom leqeim basic material
measure) is the key element for all rare earth pnictides, but espe-
cially for the nitrides. Exact stoichiometry means e.g. Gd1.0N1.0, but
all pnictides generally have metal excess up to 10%, e.g. Gd1.0N0.9 or
Gd1.1N1.0. As will be more elaborated later on, each excess metal
ion will donate excess electrons and turn a possible semiconductor
into a semimetal or metal. The magnetic interactions are at least
composed of two parts – an indirect superexchange involving
4f-bonding and antibonding with d-orbits of the cation and the p
orbits of the anion – and a RKKY type interaction where the oscil-
latory behavior depends on the carrier concentration. Thus a stoi-
chiometric nitride may be an antiferromagnet, but becomes a
ferromagnet with off-stoichiometry. In this paper we use the term-NC-ND license.stoichiometry in short for a 1:1 exact stoichiometry, else we use
the term off-stoichiometry.
Very often it is the crystal structure and rocksalt phase purity,
which is used as a sign of stoichiometry. Even in the most recent
investigation on rare earth nitrides [3] the phase purity from
XRD has been used to claim perfect stoichiometric polycrystalline
samples. But it is a fact that non-stoichiometry up to 10% is still
single phase with only the rocksalt structure. Of course there is a
large diffuse background since the lattice defects are disordered
and do not exhibit another crystallographic phase. But when one
insists on using 99.99% pure rare earths and 99.9995% pure N
and thus hope to get perfect samples, one has not understood
the problems with non-stoichiometry [3]. Some authors realize
or even measure the off-stoichiometry of their samples but think
this would not change the physics of the material. But it does, as
will be shown further down. So Child et al. [4] measured about
95% nitrogen and Sclar [5] about 90% with the Kjeldahl method.
All rare earth nitrides are metallic conducting (the other pnic-
tides just as well) when measured as a function of temperature.
The point is: are they metallic because of excess metal electrons
due to non-stoichiometry or is this an intrinsic property due to
the band structure and p–d overlap? In any case those nitrides,
which have the lowest carrier concentration and perfect measured
stoichiometry are the best and serve as intrinsic standards.
There are a few standard procedures to prepare rare earth ni-
trides, especially GdN. The simplest is the direct reaction of rare
earth metal turnings in ﬂowing nitrogen gas in quartz ampoules
at about 1500 K [6]. The next method is to convert the metals to
the hydrides, yielding especially ﬁne powders. These were then
formed into nitrides by reaction with NH3 [4]. Another reaction
of rare earth metals is with mercury, forming amalgams, which
were then reacted with NH3 [7].
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compositions, single crystals of the nitrides can also be grown
[8,9]. In short, the handling of the metal and the compound has
been performed in metallic argon glove boxes gettered by hot
cerium turnings, having a residual oxygen concentration of less
than 3 ppm. Commercially available 99.99% sublimed rare earth
metal has been transformed into metal turnings in the glove box
and prereacted with an induction furnace in an open Mo crucible
for 12 h at 1900 C in a nitrogen stream. The resulting polycrystal-
line material has been reground in the glove box and nitrided again
for 12 h and the procedure repeated again. Even after 24 h of X-ray
irradiation only the rocksalt structure could be detected. The mate-
rial has been analyzed with a micro Kjeldahl method [9] for its
nitrogen content and was found to be stoichiometric (±0.5%). This
prereacted material has been put into a tungsten crucible closed
and welded with an electron beam. A temperature gradient of
1940 and 1970 C between the top and bottom of the crucible
has been maintained for 11 days and then the crucible has been
slowly cooled. Large single crystals between 3 and 5 mm edge
length had grown. Within the precision of the chemical analysis
no nitrogen has been lost. Single crystals from this crucible have
been cleaved in the glove box and been transferred without con-
tamination with air into the various measuring apparatuses. Single
crystals from the top or bottom of the crucibles, though with the
same stoichiometry, could have slightly different physical proper-
ties. So all physical measurements should be done on the very
same single crystal.
The perfection and quality of GdN is extremely important. A
change in stoichiometry of only 1% may change the carrier concen-
tration by 100% and thus inﬂuence all physical parameters like lat-
tice constant, magnetic and optical properties and electric
conductivity,
A simple test of perfection of the nitride material is to leave a
polycrystalline sample overnight on the table in the laboratory.
On the next morning an originally non-stoichiometric black pow-
der had become a white material, e.g. Gd2O3 or Gd(OH)3. Instead
a stoichiometric single crystal could be boiled for hours in a mix-
ture of HNO3 and H2SO4 before being dissolved.
In this paper we want to compare and measure the physical
properties of the stoichiometry tested (Kjeldahl), large single crys-
tals of GdN and relate them to earlier measured results on non-
stoichiometric, polycrystalline samples. The results are drastically
different.2. Band structure
Band structure calculations have made great progress in the last
years. But it is still a problem to treat localized 4f and itinerant p or
d bands on the same level. Actually, the ﬁrst band structure calcu-
lation for a rare earth material, EuS, a ferromagnetic semiconduc-
tor, has been performed by Cho [10], a scholar of Slater. He used
the APW method, meaning that the localized 4f have been treated
as running waves and consequently ended up with a 4f band-width
of 0.5 eV. The position of this band within the other p, d and s
bands has been taken from experiments [11,12]. But in reality
the 4f7 state in the Eu chalcogenides or Gd pnictides is only about
less than 104 eV [13] wide. This value has been obtained on a Gd
doped LaSb single crystal using ESR with 34.7 GHz. Divalent Eu and
trivalent Gd have the same ground state 8S7/2. In a magnetic ﬁeld
the degeneracy of the S state is lifted and ESR transitions between
the ﬁve DM = 1 transitions of Gd can be observed. Today the
density functional theory DFT [14] for materials containing both
localized and itinerant electrons using a self-interaction corrected
local-spin-density (SIC-LSD) energy functional seems to work bet-
ter and the electronic structure of the rare earth nitrides within thepnictides and chalcogenides has been calculated. The essential
statement is that most rare earth nitrides are semiconductors
which is at variance with the experimental ﬁndings on stoichiom-
etric single crystals, which all indicate semimetallic behavior and
metallic electrical conductivity (to be published). But in the calcu-
lation, the localized f’s cannot be expressed [14] since the SIC-LSD
approach, which after all is a one electron ground state theory,
does not give accurate removal energies of localized states due to
electron–electron interaction effects and the neglect of screening
and relaxation contributions. So there are still problems with even
modern band structure calculations.
It is thus reasonable to start band structure calculation with a
non-rare earth nitride, which serves as a reference material. For
this purpose ScN is ideal, better still as LaN.
ScN is a non 4f material, so standard band structure calculations
[15] are feasible using the local density approximation LDA [16].
The results are in short: the maximum of the p valence band is a
threefold degenerate C15 band and the dt2g conduction band has
three equivalent anisotropic minima at the X point of the Brillouin
zone. This band structure, except for the 4f levels, holds for all rare
earth pnictides and it already shows the problems of the whole
ﬁeld. The p bands at C and the d bands at X can have a slight indi-
rect overlap of meV energy, making the material a self compen-
sated semimetal with equal numbers of electrons and holes,
otherwise a small meV indirect gap may result between p and d
bands, making the material a low gap indirect semiconductor.
The precision of the band structure calculation probably does not
reach the meV level, so experiments must decide with their prob-
lems of preparing stoichiometric single crystals as described above.
Nevertheless the band structure calculation [16] for ScN yields a
negative indirect gap for C-X of 6 mRy or 80 meV making the
material a semimetal in agreement with experimental ﬁndings
[17,18].
Since ScN serves as a reference material for rare earth nitrides,
especially GdN, we shortly report on single crystals with about
3 mm edge length, grown with the above method and precautions.
The lattice constant was 4.502 Å with the rocksalt structure only.
The following measurements have all been made on the same sin-
gle crystal. The electrical conductivity rdc = 2.44  104 (Xcm)1 at
300 K with a negative temperature gradient, i.e. metallic. The
n-type Hall effect yields n = 5.9  1020 cm3 which results in n/
Sc = 0.013. The carrier concentration n is in good agreement with
Ref. [17] who ﬁnds a range between 1020 and 1021 cm3. The
mobility l from r = enl is equal to 260 cm2/Vs. In spite of the fact
that the carrier concentration n is with about 1% per ion extremely
low, ScN could not be driven into p-conductivity [17], so the mate-
rial is not a degenerate semiconductor, but the carrier concentra-
tion comes from the intrinsic indirect overlap of the p band at C
with the dt2g band at X [16], which makes it a semimetal. The sur-
prising high mobility for an ionic (50% ionic character after Paul-
ing) nitride is of course due to the absence of 4f scattering
centers. Because of the indirect overlap of p and d bands at C
and X we have a self compensated semimetal with heavy holes
and light holes in the p band and electrons in the d band. Because
the Hall effect is negative the electrons are dominant. But we must
realize that the electrical conductivity, the Hall effect and mobility
are average values over all carriers. From optical measurements on
ScN single crystals we could obtain the effective mass of the carri-
ers and m0eff = 0.13 me [18].
In Ref. [18] we have been able to measure all experimentally
accessible parameters of the ground state of ScN single crystals
and compare it with modern band structure calculations. The gen-
eral agreement is excellent and theory and experiment deﬁne this
material as an indirect semimetal with weak indirect band overlap
of about 80 meV between p at C and d at X. The importance of the
present analysis lies in the fact that the band structure of the rare
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the 4f levels have to be introduced which will change the overlap
of the p and d bands and thus the carrier concentration /rare earth
ion. And, of course, magnetism will enter the picture.Fig. 1. XPS measurement of an in situ scraped GdSb single crystal (after Ref. [32]).3. Electronic properties of GdN
One of the most interesting rare earth nitrides is GdN. Dozens of
different publications have been presented over the years, dis-
agreeing in most respects. The stoichiometry, the metallic charac-
ter and the type of magnetic order are the main problems. In
principle elastic neutron scattering in zero external ﬁeld should
solve the problem, but Gd has one of the largest neutron absorp-
tion cross sections and no neutron scattering is possible [4]. Busch
et al. [6,19] claimed polycrystalline and non-stoichiometric GdN as
ferromagnetic, Junod et al. [20], McGuire et al. [21], Gambino et al.
[22], Li et al. [23],Vogt and Mattenberger [24] and Hirayama et al.
[3] just as well, while Wachter [25], Wachter and Kaldis [26,27]
showed that stoichiometric single crystals of GdN are antiferro-
magnetic for practically zero magnetic ﬁeld, but become ferromag-
netic with enhanced magnetic ﬁeld. Here the paper by Leuenberger
et al. [28] on GdN ﬁlms deserves special attention. They have a lat-
tice constant 1.5% larger than the one of Li et al. [23], which is
4.981 Å, thus 5.055 Å. Nobody had such a large lattice constant,
but their preparation methodmakes it likely that they have surplus
nitrogen in interstitials and the ﬁlms are by their own statement
off-stoichiometry. As a consequence they have ferromagnetic
GdN, but semiconducting material.
Another measurement on GdN ﬁlms is reported by Yoshitomi
et al. [29]. They produced epitaxially GdN between 2 AlN single
crystalline ﬁlms. This is strange because AlN has the wurzite struc-
ture and GdN the rocksalt structure. The GdN ﬁlms are thus
strained in an unknown manner. Their lattice constant is just like
Ref. [28] larger than any bulk GdN, probably due to interstitial
nitrogen, which acts as an acceptor. As a consequence free carriers
are drawn away from the conduction band and the sample be-
comes a semiconductor. But, as usual, no information is given as
to the stoichiometry of the ﬁlms. Also the magnetic measurements
on the ﬁlms are very unusual. The saturation magnetization at
4.2 K is only 6 lB instead of the expected 7 lB and a Curie point
of 30 K with ferromagnetism is reported. In all 50 years of research
worldwide on bulk material GdN never has such a Curie point been
reported. Just like the ﬁlms in Ref. [28] these epitaxial ﬁlms just do
not represent bulk stoichiometric GdN. But, interesting enough, it
seems possible to maltreat GdN ﬁlms in such a way that their
application as ferromagnetic semiconductors seems possible. Also
with the electronic structure there is international disagreement,
inasmuch as Wachter and Kaldis [26] could show on stoichiometric
single crystals that the material is a semimetal, whereas band
structure calculation by Hasegawa and Yanase [30] and the latest
band structure calculation by Petit et al. [14] claim GdN to be a
semiconductor. If already ScN without 4f states is a semimetal
[16–18], then the introduction of partially occupied 4f states below
the p states of the anion shift the latter upward in energy and pro-
voke a larger indirect overlap of p(C) and d(X) as well as enhance
the metallic character.
It is quite clear that the problems of band structure calculation
arise with the introduction of the 4f7 state into the compound as
compared with ScN. Since the DFT [14] cannot display the localized
multi-electron 4f7 state in the otherwise one electron ground state
theory Wachter has already in 1978 [31] derived a tight binding
scheme for EuS and GdN which shows the 4f7 state together with
the p and d bands in a relative energy arrangement. It is found that
in divalent EuS the localized 4f7 state is about 1.7 eV below the Fer-
mi level EF and above the p bands of sulfur and in trivalent GdN the4f7 is about 9 eV below EF and below the p band of nitrogen. Ex-
actly this value is shown when measuring XPS photoemission. X-
ray photoemission is especially sensitive and intensive to 4f (or
5f) states and in Fig. 1 we display such a measurement [32] on
in situ scraped single crystals. As we showed above [13] the width
of the 4f7 ground state is less than 104 eV, but when an electron is
removed from the 4f7 state by photoemission, the remaining 4f6
state can be in various excited states of the 7FJ multiplet, which
has a width of about 0.6 eV (plus experimental resolution) [32].
In Fig. 1 we show an XPS spectrum of GdSb [32] which agrees
roughly with the more recent XPS spectrum on GdN of Ref. [28],
which with respect to the 4f state has the same arrangement, the
4f7 state is 8–9 eV below EF. This is quite important, because Kas-
uya and Yanase [33] stress the importance of p–f mixing for the
explanation of the magnetic behavior – but in GdN there is no p–
f mixing because the 4f7 state is much lower than the p band
[18], which stretches only to about 4.75 eV below EF. From the the-
oretical point of view this is quite clear since the 4f7 state with its
8S7/2 conﬁguration and its half ﬁlled 4f shell is the most stable state
and thus the lowest in energy of all rare earth pnictides.
This, of course, has another consequence: There exists a so
called ‘‘spectral repulsion term’’ between f states of the cation
and p states of the anion. So the low energy f states push up the
p states of nitrogen, enhancing thus the indirect p–d overlap com-
pared with ScN, resulting in a larger carrier concentration in GdN
compared with ScN. And, of course, there is a p–d hybridization,
which in classical words is a certain covalency.
We used single crystals of GdN prepared and grown with meth-
ods described above, having an edge length of about 3 mm. These
crystals have been chemically analyzed by the micro Kjeldahl
method [9] and found to be exactly stoichiometric (±0.5%). The lat-
tice constant in the rocksalt structure was 4.984 Å. The following
measurements have all been made on the same single crystal.
The electrical resistivity at 300 K was 4  104Xcm with a positive
temperature gradient, i.e. metallic (see Fig. 2) or the electrical con-
ductivity was 2.5  103 (X cm)1 at 300 K. The negative Hall coef-
ﬁcient was n = 1.9  1021 cm3, i.e. a factor 3.2 larger than for ScN.
This results in n/Gd of 0.06. The mobility from r = enl yields
l = 8 cm2/Vs. This is dramatically less than the l = 260 cm2/Vs in
ScN and is due to the scattering of charge carriers on spin ﬂuctua-
tions in GdN.
The quantity n/Gd = 0.06 is the essential number in the whole
ﬁeld. As we have described already above, any excess of Gd in
GdN above the stoichiometric ratio will introduce additional
carriers and crystals with GdN0.98 yielding n/Gd = 0.08 having a
Fig. 2. Electrical resistivity of stoichiometric GdN single crystals with and without a
magnetic ﬁeld.
Fig. 3. Optical reﬂectivity of GdN single crystals between 30 meV and 13 eV.
Fig. 4. The optical conductivity of GdN after a Kramers–Kronig analysis.
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magnets even for H? 0. As elucidated further down, part of the
magnetic exchange is a RKKY interaction, which depends on the
carrier concentration. For small carrier concentrations one is in
the ferromagnetic lobe, so only the minimal carrier concentration
can exhibit antiferromagnetism if it exists.
4. Magnetic properties
The point is: everyone can produce ferromagnetic GdN with
non-stoichiometric samples or high magnetic ﬁelds. The art is to
reduce the carrier concentration to the lowest possible value with
perfect stoichiometry to ﬁnd antiferromagnetism for H? 0 [25–
27]. One can turn the statement around: whoever has ferromag-
netic GdN for H? 0 has a non-stoichiometric sample.
Measurements without magnetic ﬁelds are of great value be-
cause the application of a magnetic ﬁeld will transform the antifer-
romagnetic GdN into a ferromagnet. We show in Fig. 2 the
temperature dependence of the electrical resistivity of GdN and
generally ﬁnd metallic (semimetallic) behavior with a nearly linear
decrease of the resistivity (phonons) until about 80 K. Then we ob-
serve a kink at about TN = 40 K caused by the onset of antiferro-
magnetic order. This curve is very similar to the one of GdP
[31,34] where there is no doubt about the type of magnetic order
and which has a TN of about 16 K. When we apply a magnetic ﬁeld
of 1 T to our GdN crystal (Fig. 2) the resistivity starts to increase
below about 70 K due to the onset of ferromagnetism and for
low temperatures a sort of saturation is observed. The different
behavior without and with magnetic ﬁeld is a clear indication that
we change the type of magnetic order in GdN, from antiferromag-
netism at TN = 40 K to ferromagnetism with a Tc near 70 K.
Since with a magnetic ﬁeld of more than 0.3 T GdN becomes fer-
romagnetic below about 70 K we expect an exchange splitting of
the nearly empty 5d band into spin polarized subbands. The carrier
concentration in these subbands is now about a factor two less,
even when the indirect p–d overlap gets somewhat enhanced. As
a consequence the resistivity in the ferromagnetic state is higher
than in the antiferromagnetic state and exhibits something like a
ferromagnetic saturation at low temperatures.
Another ﬁeld free measurement on GdN is the speciﬁc heat
[35,36], already from 1966 to 1969, which agree among each other
on ferromagnetic polycrystalline samples, showing a Tc of 67.4 K. A
more recent (1994) measurement by Li et al. [23] on claimed stoi-
chiometric (but only phase pure) ferromagnetic GdN yields a Tc of58 K, but states ‘‘there is (so far) no information about the mag-
netic transition of GdN from speciﬁc heat measurements’’ [sic],
On the other hand their speciﬁc heat shows two transitions, one
at 20 K and one at 58 K. They have obviously an inhomogeneous
pressed powder sample with a nearly stoichiometric part and a
non-stoichiometric part, but they write the sample ‘‘is not very
pure’’.
Another ﬁeld free measurement is the optical reﬂectivity of GdN
single crystals [37]. The reﬂectivity is shown in Fig. 3 between
30 meV and 13 eV and a Kramers–Kronig (KK) analysis yields for
e.g. the real part of the optical conductivity, i.e. the absorptive part
(Fig. 4) [37]. The dominant feature is again the minimum due to the
plasma resonance of the free carriers. It is obvious again that the
material is metallic (semimetal). Regarding interband transitions
we have now p–d transitions just like in ScN but also f–d transi-
tions from the 4f7 state to empty states above EF. There are at least
double as many optical transitions than in ScN, so we will refrain
from an assignment. Since f–d transitions have a much higher
oscillator strength than p–d transitions, the maximum in the opti-
cal conductivity must correspond to this transition. This is between
9 and 10 eV and it corresponds exactly to the XPS photoemission
measurement of Fig. 1 where we ﬁnd the 4f7 state about 9 eV be-
low EF. From the plasma resonance x2po ¼ 4pe2neff=moeff with moeff
the optical effective mass of the carriers at EF and noeff the optical
carrier concentration. noeff taken from the Hall effect is n = 1.9 
Fig. 5. Optical reﬂectivity of GdN near the plasma edge in function of temperature.
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moeff = 0.8 me. This is appreciably larger than the moeff = 0.13 me
of ScN and is due to a certain virtual f admixture to the 5d band
at X.
We will describe now a new effect on GdN, namely a tempera-
ture shift of the plasma edge. Measured with a different single
crystal than above and with a different optical apparatus we show
in Fig. 5 the reﬂectivity near the plasma minimum in the function
of temperature. We observe a blue shift with decreasing tempera-
ture. When we cut the curves at 30% reﬂectivity we can observe the
shift of the plasma edge with temperature, which is displayed in
Fig. 6. We look at ﬁrst at the ﬁeld free curve and see that the blue
shift with decreasing temperature saturates at low temperatures.
No anomaly with any type of magnetic order is observed. Since
the plasma frequency xop depends only on the carrier concentra-
tion noeff or n (see above) it must be this quantity, which changes.
In ﬁrst approximation we assume that the number of free carriers
remains constant, but the volume of the crystal is reducing with
temperature, which means that the carrier concentration enhances
with a blue shift of the reﬂectivity. If this is the case we expect sat-
uration at low temperatures, as observed. When we apply a mag-
netic ﬁeld of 1.2 T we observe a ‘‘red shift’’ of the curve below at
about 70 K and this has certainly to do with the now ferromagnetic
sample.
This is very much reminiscent of the discovery of the ‘‘red shift’’
of the absorption edge of ferromagnetic semiconductors 1964Fig. 6. Shift of the plasma edge of GdN in function of temperature and magnetic
ﬁeld.[38,11,12], which is due to an exchange splitting of the d conduc-
tion band upon ferromagnetism. Below 70 K it can now only be the
carrier concentration, which becomes reduced. But just as for the
ferromagnetic semiconductors [11,12,38] also in ferromagnetic
GdN with a nearly empty 5d conduction band the band will exhibit
an exchange splitting. In a ﬁrst idea one may think that the indirect
overlap of p and d band gets enhanced, but we have to consider
that the exchange split 5d band now consists of spin polarized sub-
bands where each state in the band can now only be occupied by
one electron instead of the two in the spin degenerate d band.
Since this is a reduction of the carrier concentration by a factor
two, the small enhancement of the few percents carriers due to
an enhanced p–d overlap is negligible. This experiment is then in
complete agreement with the above described resistivity measure-
ment with and without the magnetic ﬁeld in Fig. 2: in a magnetic
ﬁeld the resistivity increases below about 70 K due to the exchange
splitting of the 5d band.
It is quite satisfying, that in the scientiﬁc life of the author a
second time a ‘‘red shift’’ due to an exchange splitting of a ferro-
magnetic material has been discovered. But it is also evident that
in the ﬁeld free case no such exchange splitting is observed, so
the questioned magnetic order at about 40 K must be antiferro-
magnetism [25–27].
We are now coming to direct magnetic measurements on GdN,
such as have been reported everywhere [1–3,6,7,19–27,34]. As we
mentioned several times, the stoichiometry is the essential param-
eter. This can be seen in Fig. 7 where already in 1972 [25] the mag-
netism of GdN has been investigated with several preparation
modes. The hydride and amalgam preparation (described in the
introduction) yields polycrystalline, generally non-stoichiometric
samples. In ﬁelds of 13 kOe they look ferromagnetic with satura-
tion moments of 7 lB. But the magnetism is deﬁned for H? 0
and we observe a clear-cut ferromagnetic behavior in the initial
susceptibility at 10 Oe with a Tc near 70 K. In contrast, the re-re-
ground and re-re nitrided sublimed small single crystals (1/
10 mm), found to be stoichiometric by the micro Kjeldahl method
(see above) show for reduced magnetic ﬁelds a maximum in the
magnetization and in the initial susceptibility of 10 Oe a sharp kink
at 20 K as typical for an antiferromagnet with zero magnetization
for zero temperature and zero ﬁeld. We realize that within the pre-
cision of the Kjeldahl method (±0.5%) we ﬁnd for stoichiometric
material always antiferromagnetism for GdN, but still a variation
of the Néel temperature between 20 and 40 K [25–27]. Here we
have to criticize again the paper by Li et al. [23], who erroneously
claimed that the speciﬁc heat has not been measured before them
and who have an inhomogeneous sample with 2 transition tem-
peratures of 20 and 58 K. The former agrees perfectly with the
one reported by us [25] and the second is at variance with former
measurements of the speciﬁc heat of 67.4 K [35,36], which how-
ever, are in agreement with our ferromagnetic transition tempera-
ture of about 70 K (see Fig. 7). We are left with the problem that
within the precision of the Kjeldahl method of 0.5% stoichiometric
polycrystals or small single crystals are antiferromagnetic with a
TN of 20 K [25] and stoichiometric large single crystals are antifer-
romagnets with a TN of 40 K [26,27]. That means, minute changes
in stoichiometry can change the transition temperatures and also
the type of magnetic order. In any case the paramagnetic Curie
temperature is 79.14 K when measured in a ﬁeld of 13 kOe.
In Fig. 8a we show a very modern measurement of the real sus-
ceptibility [39] (not initial susceptibility) of GdN ([001] direction
not aligned to the magnetic ﬁeld, because the crystals had to be
cleaved to a very small size) stoichiometric single crystals in a very
sensitive SQUID cryostat in an applied ﬁeld of only 10 Oe. The sig-
nature is again strictly antiferromagnetism with a TN of 33.3 K.
Thus again, in low magnetic ﬁelds GdN is a typical antiferro-
magnet, which becomes ferromagnetic in ﬁelds of more than about
Fig. 7. Magnetization of GdN with various preparation methods and perfection in
function of magnetic ﬁeld and temperature. Stoichiometric single crystals with
initial susceptibility in ﬁelds of 10 Oe (after Ref. [25]).
Fig. 8. (a) Magnetic susceptibility of stoichiometric GdN single crystals in a SQUID
in only 10 Oe. The single crystals were not aligned with their [100] direction
parallel with the ﬁeld direction, but had an arbitrary angle. (b) Reciprocal magnetic
susceptibility of stoichiometric single crystals of GdN in the paramagnetic
temperature range.
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magnetism [26,27].
We are coming now to the theoretical exchange interactions in
GdN. Gd with its ground state conﬁguration 8S7/2 of the 4f7 elec-
trons is especially simple because the S state without orbital
momentum has no crystal ﬁeld levels and the rocksalt structure is
also crystallographically extreme simple. Since we have shown that
the magnetic structure for stoichiometric GdN is antiferromagnet-
ism for H? 0, the paramagnetic Curie temperature Hp should be
negative or near zero. But the Curie–Weiss law has only been mea-
sured in large magnetic ﬁelds around 10 kOe, where the material is
ferromagnetic, thus Hp = 79.14 K. Thus in Fig. 8b we show 1/v in
only 10 Oe applied ﬁeld, but the paramagnetic Curie temperature
is still not negative, but about 40 K, very different from the standard
79 K as claimed up till today [39]. Because of this problem we
cannot use the standard molecular ﬁeld equations kBHp = (2/
3)S(S + 1)(12J1 + 6J2) = 126 J1 + 63J2 and TN = 2/3S(S + 1) (6J2) =
63J2. In addition we have a RKKY contribution due to the free
carriers in the conduction band kBDTc = (n/Gd)(2RnJn(|rRn|) hsSni
with s the spin of the electron and Sn the ion spin.
Goodenough [40] proposed for an insulating magnetic material
for the ferromagnetic exchange J1 a cation–cation superexchange
with virtual transfer of a 4f electron to the 5dt2g excited state of
a neighbor cation. The coupling gives in third order perturbation
of the energy J1 = t2Jfd/2S2U2(fdt2g), U(fdt2g) being the energy
difference 4f7-5dt2g band and Jfd is the intraatomic exchangeconstant, which has been estimated from atomic data to be about
0.1 eV [33]. t is the transfer integral, estimated to be about 0.15 eV
[33]. If we use for U(fdt2g) the measured value from the optical
absorption (Fig. 3) or the XPS value from Fig. 1 (f – center 5dt2g)
of about 10 eV, then we obtain for the ferromagnetic contribution
J1 = 0.07 K, an unusual small value, which is due to the large
U(fdt2g). For the antiferromagnetic exchange J2 Kasuya and
Yanase [33] propose an indirect super exchange involving the anti-
bonding deg orbitals of the cation and the p orbitals of the anion.
They propose J2 ¼ ð1=2Þb4J2fd=Uðp degÞ. U(pdeg) is the energy
difference between the p band and the 5deg band, taken from
Ref. [18] to be about 0.4 Ry or 5.4 eV. b2 is a covalency factor rep-
resenting the hybridization between p and 5deg band, taken as
bp6 + 5deg. b2 has been estimated to be between about 0.1 and
0.2 [33], we take b2 as 0.15 and can compute J2 = 0.35 K. With this
value we can calculate TN = 63 J2 = 22 K, not bad for the experi-
mental values between 20 and 40 K (see Figs. 7 and 8b), but this
still corresponds to an insulating material. But theoretically this
is a clear cut antiferromagnet with such a large J2 and such a small
J1. If GdN is thought to be a ferromagnet, then this can only be
caused by the RKKY interaction, which for low carrier concentra-
tion is ferromagnetic.
Fig. 9. Paramagnetic Curie temperature versus relative free electron concentration
of GdP, GdP/GdS and GdS (after Ref. [41]).
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tism due to the RKKY interaction we should measure the system
GdN–GdO, because in GdO we expect one free carrier per Gd. But
GdO does not exist, so we have measured in the system GdP–
GdS (both unquestioned antiferromagnets) the effect of carrier
concentration on Hp (because in GdP even a magnetic ﬁeld of 10
kOe cannot make the material a ferromagnet) [31,41] This is
shown in Fig. 9 and it is clearly seen, that up to about n/Gd of
20% the RKKY interaction is positive, i.e. ferromagnetic. The maxi-
mal contribution is at about 15%. In spite of the positive Hp all
samples are antiferromagnets as judged by the linear magnetiza-
tion versus ﬁeld [41]. The same is true for GdN in low magnetic
ﬁelds [26]. Thus it is evident, that only the lowest carrier concen-
tration can make GdN antiferromagnetic. With our n/Gd = 6% we
probably have gotten the intrinsic value of carriers due to the
p–d indirect band overlap. Since GdN has the smallest lattice con-
stant of all Gd pnictides, the term n/GdRnJn(|rRn|) is largest, e.g.
for equal carrier concentration in GdP and GdN a certain radius r
of an electron orbit includes in GdN more ion spins Sn than in
GdP. Therefore GdN is more sensitive to the ferromagnetic contri-
bution of the RKKY interaction than in GdP. In fact with n/Gd = 8%
GdN is already ferromagnetic. On the other hand extrapolating the
carrier concentration in Fig. 9 to zero (dashed line) we obtain for
the now insulating material a clear negative Hp, showing that
the superexchange mechanisms alone are antiferromagnetical.
Since for all other rare earth nitrides the energy difference
U(fdt2g) is less than in GdN one may speculate that some com-
pounds may be ferromagnetic already due to the exchange contri-
butions. But this is not the case, since in all other rare earth nitrides
the ground state is crystal ﬁeld split.
Thus in conclusion we can state that stoichiometric GdN for
temperatures near zero and magnetic ﬁelds toward zero (10 Oe)
is an antiferromagnet, but becomes ferromagnetic above magnetic
ﬁelds of about 3 kOe. The correct term is metamagnetism. The elec-
trical behavior is metallic (semimetallic).Acknowledgements
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